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ROBOT SYSTEM, CALIBRATION METHOD
OF ROBOT SYSTEM, ROBOT, CALIBRATION
DEVICE, AND DIGITAL CAMERA

BACKGROUND

1. Technical Field

The present invention relates to a robot system, a calibra-
tion method of a robot system, a robot, a calibration device,
and a digital camera.

2. Related Art

A conventional robot system manipulates a workpiece with
an arm while imaging the workpiece through the use of a
digital camera. In order to activate such a robot system, it 1s
necessary to perform a calibration operation of correlating a
coordinate system for controlling the arm with a coordinate
system of 1mage data output from the digital camera. JP-A-
4-35885 discloses a technique of performing a calibration
operation by 1imaging a pattern plate while causing an arm to
move while the pattern plate having a specific image formed
thereon 1s grasped by the arm of a robot.

However, as disclosed 1n JP-A-4-35885, when the pattern
plate for calibration 1s used, a user of the robot system has to
store the pattern plate and prepare the pattern plate for each
calibration. This requirement 1s burdensome and troubling.

SUMMARY

An advantage of some aspects of the mnvention 1s to facili-
tate calibration of a robot system.

An aspect of the invention 1s directed to a robot system
including: a movable component with a mark attached
thereto; a control unit that controls the movable component in
a three-dimensional coordinate system on the basis of control
information; a digital camera that outputs image data by
imaging a range of movement of the mark; and a calibrator
that creates a transformation parameter for correlating a two-
dimensional coordinate system of the image data with the
three-dimensional coordinate system on the basis of the
image data obtained by imaging the mark controlled at dii-
terent positions and the control information.

According to this configuration, since a mark 1s attached to
the movable component, a user does not have to store a pattern
member or prepare a pattern member for each calibration.
Therefore, 1t 1s possible to facilitate calibration of a robot
system.

In the robot system, the calibrator may create the transfor-
mation parameter on the basis of the image data obtained by
imaging the mark controlled at six different positions.

By employing this configuration, the two-dimensional
coordinate system and the three-dimensional coordinate sys-
tem can be correlated with each other as follows. That 1s,
when the coordinate of the mark in the two-dimensional
coordinate system 1s expressed by (x,, yv,) (where1=1, 2, . . .,
6), the coordinate of the mark 1n the three-dimensional coor-
dinate system 1s expressed by (X, Y., Z.), m=(M,,, ..., M;.,)
1s defined, and the correspondence relationship between the
two-dimensional coordinate system and the three-dimen-
sional coordinate system 1s expressed by the following
expression,
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an eigenvector m=(M, ,, .. ., M) of a matrix expressed by
the following expression may be used as the transformation
parameter:

> AL X)T A, X)),

The invention can be implemented as a calibration method
of a robot system, a calibration device separated from a robot
and a digital camera, and a digital camera having a calibration
function.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be described with reterence to the

accompanying drawings, wherein like numbers reference like
clements.

FIG. 11s ablock diagram 1llustrating an embodiment of the
invention.

FIG. 2 15 a diagram schematically illustrating an embodi-
ment of the imvention.

FIG. 3 1s a block diagram 1llustrating an embodiment of the
invention.

DESCRIPTION OF EXEMPLARY
EMBODIMENTS

Heremafiter, exemplary embodiments of the invention waill
be described with reference to the accompanying drawings.
In the drawings, corresponding elements will be referenced
by like reference numerals and descriptions thereof will not
be repeated.

1. Configuration of Robot System

FIG. 1 1s a block diagram 1illustrating the configuration of a
robot system 100 according to an exemplary embodiment of
the invention. The robot system 100 includes a PC (Personal
Computer) 10, a robot 20, and a digital camera 30.

The robot 20 includes a first arm 22 and a second arm 23
which are movable components and a control unit 21. Each of
the first arm 22 and the second arm 23 includes plural links,
inter-link rotation mechanisms, a hand, plural actuators, and
a drive circuit. The posture of the first arm 22 1s determined
depending on the postures of the plural links of the first arm
22. That 1s, the posture of the first arm 22 1s determined
depending on the rotation angle 6, (j=1, 2, 3) of each inter-link
rotation mechanism 1n the first arm 22. The posture of the
second arm 23 1s determined depending on the rotation angle
0, of each inter-link rotation mechanism in the second arm 23.
A mark 22a 1s on the surface of a link of the first arm 22. The
mark 22a 1s preferably a figure which can be optically recog-
nized. The control unit 21 1s a computer including a CPU, a
RAM, a ROM, and an mput and output unit. The control unit
21 controls the actuators of the inter-link rotation mecha-
nisms while recogmzing a workpiece through the use of the
digital camera 30 and causes the first arm 22 and the second
arm 23 to perform manipulations of “grasping a workpiece”,
“causing a workpiece to move”, and “releasing a workpiece”,
by executing a command set output from an output unit 10¢ of
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the PC 10. The control unit 21 performs a calibration opera-
tion to be described later while acquiring image data from the

digital camera 30, by loading a calibration program stored 1n
the ROM into the RAM and causing the CPU to execute the
calibration program. That 1s, the control unit 21 also serves as
a calibrator.

The digital camera 30 1s fixed to a position at which the
ranges of movement of the first arm 22 and the second arm 23
can be imaged and 1s connected to the control unit 21 so as to
be able to communicate therewith. The digital camera 30
includes an 1maging unit including an area image sensor (not
shown) and an optical system and a computer correcting and
outputting 1mage data output from the imaging unit.

The PC 10 includes a CPU, a RAM, a ROM, an input and
output umt, and a hard disk drive, and 1s connected to oper-
ating devices such as akeyboard 12, amouse 13, and a display
11. The PC 10 serves as a user interface 10a and an output unit
10c by loading a robot control program stored 1n the hard disk
device into the RAM and causing the CPU to execute the
robot control program. The user interface 10a displays a GUI
(Graphical User Interface) on the display 11 and acquires a
robot-teaching command from a user. The robot-teaching
command 1s 1nput to the PC 10 by the user operating the
keyboard 12 and/or the mouse 13. The output unit 10¢ con-
verts the robot-teaching command 1nto a command set for
controlling the control unit 21 and outputs the command setto
the control unit 21.

2. Calibration of Robot System

The calibration of a robot system to be described below 1s
a process of calculating a transformation parameter for cor-
relating a three-dimensional coordinate system used to cause
the control unit 21 to control the first arm 22 and the second
arm 23 with a two-dimensional coordinate system of the
image data output from the digital camera 30. Specifically,
when the coordinate in a two-dimensional coordinate system
corresponding to the position of a pixel of the mark 22a
included 1n the 1mage data output from the digital camera 30
1s expressed by (X, v,) (where 1=1, 2, . . ., 6), the coordinate
in a three-dimensional coordinate system corresponding to
control information used to cause the control unit 21 to con-
trol the first arm 22 and the second arm 23 1s expressed by (X,
Y., 7Z.), and the correspondence relationship of the two-di-
mensional coordinate system and the three-dimensional coor-

dinate system 1s expressed by Expression 1, the process of

calculating a transformation parameter m=(M,,, . . . , M,)
corresponds to the calibration. Here, S, and M, to M, are
scalar quantities.

(X ) (1)
(XY (M My Mz M) v
il vi |=| Mar My Miz Moy ZI_
1 ) A\ May Msy Mis Msy 11
\ /

In Expression 1, M, , to M, are twelve unknowns. When a
setof (X, y,)and (X,,Y ., Z,) which represent the same position
1s substituted for Expression 1, two unknowns can be deleted.
Accordingly, when six sets of (x,, v,) and (X,, Y., Z,) repre-
senting six different positions are acquired, twelve unknowns
(M, , to M,,) can be analytically calculated.

By acquiring the transformation parameter m, a coordinate
(X, v) of the image data output from the digital camera 30 can
be transiformed to a coordinate (X, Y, Z) used to cause the
control unit 21 to control the first arm 22 and the second arm
23, or a coordinate (X, Y, Z) can be transformed to a coordi-
nate (X, v). By acquiring the transformation parameter, 1t 1s
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possible to cause the first arm 22 and the second arm 23 to
perform manipulations of “grasping a workpiece”, “causing a
workpiece to move”, and “releasing a workpiece” while rec-
ognizing a workpiece through the use of the digital camera
30. Since a user can arbitrarily set the position and posture of
the digital camera 30 relative to the robot 20 depending on the
installation circumstances of the robot 20 and then can set the
transiformation parameter m, the user can freely set the posi-
tional relationship between the robot 20 and the digital cam-
era 30.

FIG. 2 15 a flowchart illustrating the flow of calibration of a
robot system using the control unit 21. The following process
flow described with reference to FIG. 2 1s started, for
example, by receiving an instruction to start the calibration
from the PC 10 or by pushing a reset switch disposed 1n the
robot 20.

First, the control unit 21 reads control information F,
(where1=1, 2, . . ., 6) for defining six postures of the first arm
22 determined beforehand for calibration from the ROM to
the RAM and controls the first arm 22 to an mitial posture on
the basis of the control information F, (S100). The posture of
the first arm 22 can be determined depending on the rotation
angle of the inter-link rotation mechanisms of the first arm 22
and thus can be expressed by Expression 2. The number of
rotation mechanisms of the first arm 22 1s set to 3 and the
rotation angles of the rotation mechanisms are set to 0,, 0.,
and 0, but the number of rotation mechanisms of the first arm
22 may be set to 2 or less or 4 or more.

F=(0,,0,,0;3) (2)

Specifically, the control unit 21 sets 1=1, reads the control
information F, (where 1=1, 2, . . ., 6) from the RAM to the
CPU, and controls the actuators of the rotation mechanisms of
the first arm 22 using F, as a target value. In this exemplary
embodiment, since the control information F, for calibration
1s determined beforehand, the positional relationship
between the robot 20 and the digital camera 30 should be set
so that the mark 22q of the first arm 22 1n the posture deter-
mined by F. 1s visible from the digital camera 30, but a user
may set the control information F, for calibration within the
range 1n which the mark 22a of the first arm 22 1s visible from
the digital camera 30.

Then, the control unit 21 instructs the digital camera 30 to
capture an 1mage and acquires 1mage data from the digital
camera 30 (8101). Accordingly, the control unit 21 acquires
the 1image data obtained by imaging the arm 22a of the first
arm 22.

Then, the control unit 21 analyzes the acquired 1image data
and detects the position of the mark 224 1n the two-dimen-
sional coordinate system of the image data (8102). Tech-
niques such as known pattern matching can be used to detect
the mark 22a. The position of the mark 224 1s calculated, for
example, as the coordinate (x,, y;) of a pixel located at the
center of gravity of the mark 22a with one pixel out of four
vertices of the image data as an origin. The control unit 21
stores the calculated coordinate (X, y,) in the two-dimen-
sional coordinate system until calculating the transformation
parameter.

Then, the control unit 21 calculates the three-dimensional
coordinate (X, Y,, Z.) of the mark 22a on the basis of the
control information F, used to control the first arm 22 (S103).
The position of the mark 22a 1s expressed by the rotation
angles 07 of the rotation mechanisms of the first arm 22, the
relative positions and postures of the rotation shaits of the
rotation mechanisms of the first arm 22, and the relative
position of the mark 224 to the rotation shatt of the link with
the mark 22q attached thereto. Specifically, when the position
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and posture of the third link with the mark 22q attached
thereto 1s determined by the rotation angles of three rotation
mechanisms of the first arm 22, the position of the mark 224
1s expressed by (F,, p,, -, Ps, P4). Here, p, 1s a vector 1n the
coordinate system fixed to a non-movable portion o the robot
20, that 1s, a vector 1n the three-dimensional coordinate sys-
tem used to control the first arm 22, and represents the posi-
tion and posture of the rotation shaft of the first link fixed to
the non-movable portion of the robot 20. P, 1s a vector 1n the
coordinate system fixed to the first link and represents the
position and posture of the rotation shait connecting the first
link and the second link. P, 1s a coordinate 1n the coordinate
system fixed to the second link and represents the position and
posture of the rotation shait connecting the second link and
the third link. P, 1s a coordinate 1n the coordinate system fixed
to the third link and represents the position of the center of
gravity of the mark 22aq relative to the rotation shaft connect-
ing the second link and the third link. The control unit 21
linearly transtorms the position of the mark 22a expressed 1n
this way to a coordinate (X,, Y., Z,) 1in the three-dimensional
coordinate system fixed to the non-movable portion of the
robot 20. The control unit 21 stores the coordinate (X,,Y,, Z.,)
in the three-dimensional coordinate system calculated
through the use of the linear transtformation until calculating,
the transformation parameter.

Then, the control unit 21 determines whether the processes
of steps S101 to S103 are performed on all the predetermined
s1X postures (S104).

When the processes of steps S101 to S103 are not yet
performed on all the predetermined six postures, the control
unit 21 sets increment of 1=1+1, and controls the first arm 22
on the basis of the next control information F,, and performs
the processes of steps S101 to S104 again.

When the processes of steps S101 to S103 are performed
on all the predetermined six postures, the control unit 21
calculates a transformation parameter for correlating the two-
dimensional coordinate system of the image data and the
three-dimensional coordinate system used to control the first
arm 22 on the basis of the coordinate (X, y,) 1 the two-
dimensional coordinate system detected 1n step S102 and the
coordinate (X, Y., Z,) 1in the three-dimensional coordinate
system calculated 1n step S103. Specifically, the transforma-
tion parameter 1s calculated as follows.

Expression 1 can be reduced to Expression 3.

SX; —MX, (3)

Expression 3 has indefiniteness of a scalar multiple. By
deleting s, from Expression 3 and arranging the expression
with respect to M, to M, Expression 4 can be established.

A(x, X;)m=0 (4)

Here, A(x,, X,) can be expressed by Expression 5, and m
corresponds to the transformation parameter for correlating
the two-dimensional coordinate system of the image data
with the three-dimensional coordinate system used to control
the first arm 22.

Xj Yg Zj 1 0 0 0 0O Xij Xij Xij Xj] (5)

AXI',X; =
( : (U 00 0 X; Y, 4 1 vwXi vy viZi v

HI:(M“,... ,M34)T (6)

Now, m 1s calculated which minimizes a function {(m)
expressed by Expression 7 using the coordinate (x,, y,) 1n the
two-dimensional coordinate system detected 1n step S102 and
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the coordinate (X, Y ., Z.) in the three-dimensional coordinate
system calculated 1n step S103.

fom)y= ) llAG; - Xpmll (7)

This 1s a problem of calculating the extreme value of a
function h(m, A) expressed by Expression 8 by introducing an
undetermined multiplier X and a binding condition g(m)=0,
using the Lagrange’s method of undetermined multipliers.

h(m,h)=fm)+rg(m) (8)

Here, in order to remove the indefimiteness, the binding
condition is set to ||m|[~=1 and Expression 9 is set, m minimiz-
ing the function f{m) 1s m satisiying Expression 10.

g(m) =1 —||m|* (9)
J (10)

—h(m, A) =0

om

The lett side of Expression 10 can be changed to Expres-
sion 11.

(11)

ah Pt—a
G 0 A) = o

m’ Y {AG X)TAG, X)hm + A1 —m"m)

= > AAG, X7 A, Xi)hm = Am

Therefore, the control unit 21 can calculate an eigenvector
ol a matrix expressed by Expression 12 as the transformation
parameter m.

DA X A, X)) (12

i

In the above-mentioned calibration of the robot system
100, since a user does not have to store a subordinate calibra-
tion pattern member not used 1n manipulating a workpiece or
does not have to cause the arm of the robot 20 to grasp the
pattern member, 1t 15 possible to facilitate the calibration of
the robot system 100. Since the arm of the robot 20 does not
have to grasp the pattern member, 1t 1s possible to perform
calibration even during activation of the robot 20.

3. Other Embodiments

The technical scope of the mvention 1s not limited to the
above-mentioned embodiments, but can be modified in vari-
ous forms without departing from the concept of the mven-
tion. For example, a mark may be attached to the surface of
cach of two or more links of the first arm 22. Accordingly, 1t
1s possible to shorten the time necessary for calibration. For
example, when the mark 1s attached to the surface of each of
two links of the first arm 22, it 1s possible to calculate the
transformation parameter through the use of the above-men-
tioned algorithm on the basis of the image data obtained by
imaging the marks controlled at six different positions by
controlling the first arm 22 to three postures and acquiring
image data for each posture. Even when a mark 1s attached to
cach of the first arm 22 and the second arm 23 and the first arm
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22 and the second arm 23 are made to simultaneously move to
perform calibration, 1t 1s possible to shorten the time neces-
sary for calibration. When the number of marks increases, the
number of pieces of image data necessary for calculating the
transformation parameter 1s only required to be one even
using the above-mentioned algorithm.

Since the degree of freedom of the mark with respect to the
digital camera 1s s1X, s1X pieces ol position information of the
mark as the information for calculating the transformation
parameter 1s redundant. That 1s, the number of pieces of mark
position mformation necessary for calculating the transior-
mation parameter 1s determined depending on a mathematical
algorithm for calculating the transformation parameter, and
may be five or less or seven or more. The algorithm used for
the calibration 1s a statistical technique. Accordingly, when
the number of pieces of mark position information neces sary
for calculating the transformation parameter 1s large, 1t 1s
possible to enhance the calibration precision accordingly.

The type of the movable component with a mark attached
thereto may be a rotating arm or hand, or a linearly-moving
rod or cylinder. The mark may be formed of a light source, a
magnetic material, a heat source, a sound source, or the like.
Using a magnetic sensor for the position of the mark formed
of a magnetic material, using a heat sensor for the mark
tormed of a heat source, and using a sound sensor for the mark
formed of a sound source, the positions can be specified in the
two-dimensional coordinate system.

A calibrator may be disposed outside the robot 20, such as
the PC 10 serving as a calibration device separated from the
robot 20. When the PC 10 serves as a calibration device, a
calibration program causing the PC 10 to serve as a control
information acquiring unit 104, an 1image data acquiring unit
10¢e, and a calibrator 10f1s stored in the hard disk device of the
PC 10, as shown 1n FIG. 3. Here, the control information
acquiring unit 104 acquires control information for control-
ling the first arm 22 of the robot 20 with the mark 224 attached
thereto. The control information may be acquired as a con-
stant of the calibration program stored in advance 1n the hard
disk device, or may be acquired from the control unit 21 of the
robot 20. When the calibration 1s performed using the control
information stored as the constant of the calibration program
in advance in the hard disk device, the PC 10 outputs the
control information F, read from the hard disk device to the
control unit 21 of the robot 20 and controls the first arm 22.
The 1mage data acquiring unit 10e acquires 1mage data
obtained by imaging the mark 22a controlled at different
positions depending on the control information from the digi-
tal camera 30. The calibrator 10f creates the transformation
parameter m on the basis of the image data including the mark
22a and the control information and outputs the transforma-
tion parameter to the control unit 21 of the robot 20.

By causing the CPU of the digital camera 30 to execute the
calibration program including the control information acquir-
ing unit 104, the 1image data acquiring unit 10e, and the
calibrator 107, the digital camera 30 may serve as a calibration
device.

The entire disclosure of Japanese Patent Application Num-
ber 2012-090844 filed Apr. 12, 2012 1s expressly incorpo-
rated by reference.

What 1s claimed 1s:

1. A robot system comprising:

a first movable component on which a first mark 1s pro-
vided, the first movable component being moved by a
first actuator;

a second movable component on which a second mark 1s
provided, the second movable component being moved
by a second actuator;
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a control unit that controls the first and second actuators to
respectively move the first and second movable compo-
nents 1n a three-dimensional coordinate system based on
control information;

a camera that takes an 1mage of the first and second marks
so as to output image data when the first and second
marks are located at different positions; and

a calibrator that creates a transformation parameter for
correlating a two-dimensional coordinate system of the
image data with the three-dimensional coordinate sys-
tem based on the image data and the control information,

wherein the control unit causes the first and second mov-
able components to perform manipulations of moving a
work piece.

2. The robot system according to claim 1, further compris-
ing an output unit that outputs the transformation parameter
to the control unit for controlling the first and second actua-
tors.

3. The robot system according to claim 1, wherein the
calibrator creates the transformation parameter based on the
image data obtained by taking the image of the first and
second marks when the first and second marks are located at
s1x different positions.

4. The robot system according to claim 3, wherein when a
coordinate of the first and second marks in the two-dimen-
sional coordinate system 1s expressed by (X, v,,) (where 1=1,
2, ..., 6), a coordinate of the first and second marks in the
three-dimensional coordinate system 1s expressed by (X, Y,
7)), and a correspondence relationship between the two-di-
mensional coordinate system and the three-dimensional coor-
dinate system 1s expressed by:

(X
(x; Yy (M Mo Mz M) v

sil vi |=| Ma M Mz My ZI :
1) \ Mz Msy, Mz My 11

\ /

an eigenvector m=(M, ,, . . ., M5,) of a matrix expressed:

Z{A(xf, X' Axi, X))

1s used as the transformation parameter.

5. A calibration method of a robot system, comprising:

causing first and second movable components on which
first and second marks are respectively provided to move
in a three-dimensional coordinate system based on con-
trol information by first and second actuators that are
respectively provided at the first and second movable
components;

acquiring 1mage data by taking an image of the first and
second marks via a camera when the first and second
marks are located at different positions; and

correlating a two-dimensional coordinate system of the
image data with the three-dimensional coordinate sys-
tem based on the image data and the control information,

wherein the control unit causes the first and second mov-
able components to perform manipulations of moving a
work piece.

6. A robot comprising;:

a control information acquiring umt that acquires control
information for controlling first and second actuators
that are respectively provided at first and second mov-
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able components on which first and second marks are
respectively provided to respectively move the first and
second movable components in a three-dimensional
coordinate system;

an 1mage data acquiring unit that acquires i1mage data
obtained by taking an image of the first and second
marks via of a camera when the first and second marks
are located at different positions; and

a calibrator that creates a transformation parameter for
correlating a two-dimensional coordinate system of the
image data with the three-dimensional coordinate sys-
tem based on the image data and the control information,

wherein the control unit causes the first and second mov-
able components to perform manipulations of moving a
work piece.
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